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Abstract

A vertex detectorconceptof theLinearCollider Flavour Iden-
tification (LCFI) collaboration,which studiespixel detectors
for heavy quarkflavour identification,hasbeenimplemented
in simulationsfor c-quarktaggingin scalartop studies. The
productionand decayof scalartop quarks(stops)is particu-
larly interestingfor the developmentof the vertex detectoras
only two c-quarksandmissingenergy (from undetectedneu-
tralinos)areproducedfor light stops. Previous studiesinves-
tigatedthevertex detectordesignin scenarioswith largemass
differencesbetweenstopandneutralino,correspondingto large
visible energy in thedetector. In this studywe investigatethe
taggingperformancedependenceon thevertex detectordesign
in ascenariowith smallvisibleenergy for theInternationalLin-
earCollider (ILC).
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C. Milsténe� andA. Sopczak��
Fermilab,USA; � LancasterUniversity, UK

Abstract. A vertex detectorconceptof theLinearCollider Flavour Identification(LCFI) collabo-
ration,whichstudiespixel detectorsfor heavy quarkflavour identification,hasbeenimplementedin
simulationsfor c-quarktaggingin scalartop studies.Theproductionanddecayof scalartop quarks
(stops)is particularlyinterestingfor thedevelopmentof thevertex detectorasonly two c-quarksand
missingenergy (from undetectedneutralinos)areproducedfor light stops.Previousstudiesinvesti-
gatedthevertex detectordesignin scenarioswith largemassdifferencesbetweenstopandneutralino,
correspondingto large visible energy in the detector. In this studywe investigatethe taggingper-
formancedependenceon the vertex detectordesignin a scenariowith small visible energy for the
InternationalLinearCollider (ILC).

1. Intr oduction

Thedevelopmentof a vertex detectorfor a LinearCollider is an importantandchalleng-
ing enterprise.A key aspectis thedistanceof theinnermostlayerto theinteractionpoint,
which is relatedto radiationhardnessandbeambackground.Anotherkey aspectis the
numberof radiationlengthstheparticlesgo through,sinceit determinesthemultiple scat-
teringwhich affectsthevertex reconstruction.

Theoptimizationof thevertex detectortaggingperformanceis of greatimportancefor
studiesof physicsprocesses.While mostlyatpreviousandcurrentaccelerators(e.g.SLC,
LEP, Tevatron)b-quarktagginghasrevolutionizedmany searchesandmeasurements,c-
quarktaggingwill be very importantat a future Linear Collider, for example,in studies
of Supersymmetricdark matter [1]. Therefore,c-quarktaggingcould be a benchmark
for vertex detectordevelopments.The scalartop productionanddecayprocess,andthe
implementedvertex detectorgeometryareshown before[2].

Theanalysisfor alargemassdifferencewith theSPS-5parameterpoint(ISAJET) 	�
�������������
GeV, 	����� � �

������� �
GeV and ���! #"$
� � ���&%(')�!�

waspreviously performed[3]. For

25%(12%)efficiency 3800(1800)signaleventsand5400(170)backgroundeventswithout
c-quarktaggingwereobtained,while thebackgroundwasreducedto 2300(68)eventswith
c-quarktagging.

Thevertex detectorradiationlengthwasvariedbetweensinglethickness(TESLA TDR)
anddoublethickness.In addition,thenumberof vertex detectorlayerswasvariedbetween
5 layers(innermostlayerat 1.5 cm asin theTESLA TDR) and4 layers(innermostlayer
at2.6cm). For SPS-5parametersthefollowing numbersof backgroundeventsremain[3]:

Thicknesslayers12%signalefficiency 25%signalefficiency
Single 5 (4) 68 (82) 2300(2681)
Double 5 (4) 69 (92) 2332(2765)
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A significantlarger numberof backgroundeventswas expectedif the first layer of the
vertex detectoris removed.Thedistanceof thefirst layerto theinteractionpoint is alsoan
importantaspectfrom theacceleratorphysics(beamdelivery) perspective. The interplay
betweenthe beamdelivery andvertex detectordesignin regardto critical toleranceslike
hardwaredamageof thefirst layerandoccupancy (unableto usethedataof thefirst layer)
dueto beambackgroundgoesbeyondthescopeof this studyandwill beaddressedin the
future.

For largevisible energy (largemassdifference)no significantincreasein the expected
backgroundwasobservedfor doublingthethicknessof thevertex detectorlayers[3,4]. In
this studytheeffect of thevertex detectordesignfor eventswith smallervisible energy in
thedetectoris addressed.

2. Signaland Background Simulations

The productionof simulatedlight stopsat a 500 GeV Linear Collider is analyzedusing
high luminosity *+� %(���-,/.10 � . Thesignaturefor stoppair productionat an 2$342 0 collider
is two charmjetsandlargemissingenergy:

2 3 2 065 �7 �
8 �7 � 5 � �� � � 8� �� � � � (1)

For small 9:	;�<	�
��>=?	 
@(A , thejetsarerelatively soft andseparationfrom backgrounds
is verychallenging.Backgroundsarisingfrom variousStandardModelprocessescanhave
cross-sectionsthatareseveralordersof magnitudelargerthanthesignal.Thus,it is neces-
saryto studythisprocesswith arealisticdetectorsimulation.Signalandbackgroundevents
aregeneratedwith PYTHIA 6.129 [5], includinga scalartop signalgeneration[6] previ-
ouslyusedin Ref.[7]. Thedetectorsimulationis basedonthefastsimulationSIMDET [8],
describinga typical ILC detector. Goodagreementin comparisonswith SGV [9] detector
simulationswasobtained[3,4].

Cross-sectionsfor thesignalprocessandtherelevantbackgroundshavebeencomputed
with codeusedin Ref. [10] and by GRACE 2.0 [11], with cross-checksto COMPHEP

4.4 [12]. A minimal transversemomentumcut, B �DC % GeV, is appliedfor thetwo-photon
background,to avoid the infrareddivergence.Detailsof the event selectionaregiven in
Ref. [1].

Thec-taggingwith theLCFI detectoris basedon thevertex identificationanda neural
network application[13]. The vertex identificationconsideredthreecasesfor eachjet
independently:

a) only aprimaryvertex. In thiscase,thetwo trackswith thelargestseparationin the E -F
planeareconsideredandfor thesetrackstheneuralnetwork variablesinclude,the

impactparameteranditssignificance(impactparameterdividedby uncertainty)both
in the E - F planeandin the G -direction,their momenta,andthejoinedprobability inE - F planeand G direction.

b) onesecondaryvertex. In additionto thepreviousvariables,thedecaylengthsignifi-
canceof thesecondaryvertex, themultiplicity andmomentaof all associatedtracks,
andthe HJI correctedmassof thesecondaryvertex (correctedfor neutralhadronsand
neutrinos),the H I of thedecayproductsperpendicularto theflight directionbetween
primaryandsecondaryvertex, andthejoint probability in E - F and G -direction.
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c) morethanonesecondaryvertex. Two secondaryverticesareconsidered,wherethe
tracksareassignedto thevertex closestto theprimaryvertex, andtheneuralnetwork
inputvariablesaredefinedasin caseb).

Theneuralnetwork is tunedwith 255,000simulatedsignaland240,000KL2NM background
events.Thesignaleventsareacombinationof all simulatedsignaleventsfor thescalartop
massrangebetween120to 220GeV andfor 9:	O� %#P$�$�

and15GeV.
After a preselectionwhich substantiallyreducesthe backgroundwhile keepingabout

70% of the signal, six sequentialcuts are applied: number of jets, missing energy,
acollinearity, thrust angle, transversemomentum,and the jet-jet invariant massand c-
tagging[1]. Thebackgroundconsistsof thefollowing processesKQ34K 0

, R�R , KL2NM , 2�2SR ,T 8TVU(TXW� 7ZY , 7 87 , andtwo-photon.After all cuts,thetotalbackgroundof about5680eventsis
dominatedby about5044 K[2�M events[1]. A scalartop signalof 120GeV hasbeensimu-
latedwith aneutralinomassof 110GeV. Theselectionefficiency is about20%� and11,500
signaleventsareexpectedfor astandardLCFI vertex detectorconfigurationasgivenin the
TESLA TDR.

3. Varying the Vertex DetectorDesign

This study of the vertex detectordesignis basedon 50,000simulated120 GeV signal
and210,000KL2NM backgroundeventsfor eachdetectordesign.After preselection29,842
signaland53,314 K[2�M eventsareselected,correspondingto 34,318and779,450events
per500 fb

0 � , respectively. This preselectionsignalefficiency of 59.7%doesnot depend
on thevertex detectordesign.Fourdetectordesignsarecompared:

VX �\� : the TESLA TDR designwith 5 layersandsingle(0.064% ] � radiationlengthper
layer).

VX �^� : 4 layers(theinnermostlayerremoved).Thisscenariocouldfor exampleoccurif the
vertex detectoris exposedto a largedoseof machinebackgroundfrom theacceler-
ator. Theoptimizationof theradiusof theinnermostlayer is animportantaspectin
thedesignof a vertex detectorfor a LinearCollider.

VX _ � : 5 layersanddoublematerialthickness(0.128% ] � radiationlengthper layer). As
the rigidity of thesensitive elementsandthesupportstructureis anotherimportant
aspectin thedetectordesign,thematerialbudgethasto betakeninto account.

VX ` � : 4 layers(the innermostlayerremoved)anddoublethickness(0.128%] � radiation
lengthperlayer).

The c-taggingefficiency per event is normalizedto the numberof signaleventsafter the
preselectionandrequiringtwo jets.At leastonec-taggedjet is requiredandtheefficiency
is given in Fig. 1 asa function of the purity, wherepurity is definedas the ratio of the

�
The retuningof thec-taggingneuralnetwork increasedthe selectionefficiency from 19% [1] to

20%andthe acbed backgroundfrom 5044[1] to f$g�h�hjiLh�k�l events.
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numberof simulatedsignaleventsafter thec-taggingto all c-taggedeventsassumingthe
sameluminosityfor signalandbackground.Thedifferentpuritiesareobtainedby varying
thecutonthec-taggingneuralnetwork variable.Theeffectof thedetectordesignvariation
increaseswith increasingpurity (harderc-taggingneuralnetwork cut). For thesecondset
of pointsin theplot with puritiesabout18%andc-taggingefficienciesbetween85%and
90%, the variationof the signalefficiency andthe numberof KL2NM backgroundeventsis
givenin thetableafterall selectioncuts.

Thicknesslayerssignalefficiency (in %) KL2NMnm ���$�(o KL2NMnm %�����,/. 0 �
Single 5 (4) 20.46(19.67) 364(369) 5322(5396)
Double 5 (4) 20.32(19.52) 366(385) 5352(5630)p �n�q��r p �$s p �(r��
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Figure 1. Left: scalartop c-taggingefficiency andpurity with atbed backgroundfor
differentdetectordesigns.The VX � � curve is for a detectordesignwith 5 layers(in-
nermostat15mm)andsingledensity, curveVX �u� is for adetectordesignwith 4 layers
(innermostat 26 mm). CurvesVX v � andVX w � are for doubledensity(0.128% xzy
radiationlengthper layer) with 4 and5 layers,respectively. Right: expectedsignal
efficiency andnumberof acbed backgroundeventsfor the four detectordesigns.The
statisticaluncertaintiesarealsogiven.

4. Results

Theseresultsfor smallvisibleenergy ( 9:	O� ���
GeV) leadto thesameobservationasfor

largevisibleenergy (SPS-5scenariowith 9{	|� ���������
GeV).Theradiusof theinnermost

layerof thevertex detectorhasa largeeffect on thec-quarktaggingperformance.Curves
VX �\� andVX �^� of Fig. 1 show the performancefor radii 15 and26 mm, respectively.
Thereis no significanteffect on the c-quarktaggingperformancefrom doublingthe ma-
terial budget(e.g. curvesVX �}� andVX _ � of Fig. 1). The increaseof multiple scattering
is not significantbetweensingleanddoublethickness(0.128% ] � radiationlengthper
layer).

In orderto quantitativelyestimatethemultiplescatteringeffect,thenumberof tracksper
signaleventandthevisibleenergy havebeendetermined.Theminimumvisibleenergyper
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eventis about10 GeV andthemaximumnumberof tracksis about20, thereforethemin-
imum trackenergy is about0.5 GeV. Theanalyticalcalculationof themultiple scattering
angleis givenby "�~ �$'n� � mSHQ��� �VmS] � P wherethetrackmomentumH is givenin MeV.
The displacementat the interactionpoint is �L~���" , where � is the radiusof the inner-
mostlayerof thevertex detector. For H�� %(���

MeV, �VmS] � � ��������r)�
and ��� ��%

mm,��� ��%S�
m. This small valuecomparedto the flight distanceof charmmesonsexplains

the insignificanteffect on the c-quarktaggingfrom the multiple scatteringincreaseby
doublingthevertex detectorlayerthickness.

5. Conclusions

In conclusion,thestudieswith a small visible energy signalleadto thesameresultsasin
thepreviousstudyfor largevisible energy regardingthevertex detectordesign.A strong
dependenceon the detectorperformanceon the radiusof the innermostvertex detector
layerhasbeenobserved,while doublingthematerialthicknesshasnosignificanteffecton
thec-quarktaggingperformancein scalartop studiesat theILC. Theoptimizationof the
radiusof theinnermostvertex detectorlayerwill have to take into accounttheaccelerator
backgroundwhichdependson themachineopticsandthecollimationsystem.
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with VariousVisible Energies”, presentedat the 13th Int. Conferenceon Supersymmetryand
Unificationof FundamentalInteractions(SUSY’05),Durham,UK, July18-23,2005.
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